Lower insect pest populations found on long-term organic farms have largely been 43 attributed to increased biodiversity and abundance of beneficial predators. However, 44 potential induction of plant defenses has largely been ignored. This study aims to 45 determine whether host plant resistance mediates decreased pest populations in 46 organic systems, and to identify the underpinning mechanisms. We demonstrate that 47
greater numbers of leafhoppers (Circulifer tenellus) settle on tomatoes (Solanum 48 lycopersicum) grown using conventional management as compared to organic. Soil 49 microbiome sequencing, chemical analysis, and transgenic approaches, coupled with 50 multi-model inference, suggest that changes in leafhopper settling between 51 organically and conventionally-grown tomatoes are dependent on salicylic acid 52 accumulation in the plant, likely mediated by rhizosphere microbial communities. 53
These results suggest that organically-managed soils and microbial communities may 54 play an unappreciated role in reducing plant attractiveness to pests by increasing plant 55
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Organic management reduced insect populations and settling on tomatoes. 135
To determine if management influenced plant attractiveness to insects, we collected 136 tomato branches from organic and conventional plots at the long-term experimental 137 farm Russell Ranch (Farm RR) in Davis, CA and at three commercial farms in Yolo 138 county in 2017 (Farm RR, Farm F, Farm M, and Farm S; See Table S1 ). These branches 139 were used to compare beet leafhopper settling preference for the leaves paired by 140 site (organic versus conventional; See Fig. S1 for design). Fewer leafhoppers settled 141 on tomato leaves from organic sites at three out of the four locations compared to 142 tomato leaves grown on conventional plots ( Fig. 1A ; Farm RR, Farm M, and Farm S). 143
Next, we surveyed insect populations using sweepnet sampling in the same organic 144 and conventionally managed tomato plots. We observed significantly fewer insects in 145 organic plots compared to conventional plots at Farm RR (Fig. S2 ). No systematic 146 differences in insect abundance were observed between organic and conventional 147 plots at the other sites ( Fig. S1B ).
149
Organic management practices altered plant defense signaling pathways. 150
The phytohormones SA and jasmonic acid (JA) are important regulators of plant 151 defense and changes often influence insect preference (28, 29) . To determine if 152 organic management practices may be altering SA or JA accumulation in tomato, we 153 measured both phytohormones in leaves collected from all four sites. Although site-154 level variation was observed, leaves from organic farms had higher SA levels than 155 those in conventional farms (P = 0.01275), driven by differences at Farm RR and S 156 (Farm RR: ~17X more, P = 0.03495 and Farm S: ~12X more, P = 0.0629), but there were 157 no differences between organic and conventional plots at Farm F and Farm M ( Fig.  158   1C) . No main effect of soil management on JA levels was observed (P = 0.49), but 159 leaves from conventional plots on Farm F and M had elevated JA levels compared to 160 the organic paired sites (Farm F: ~3X more, P = 0.0145 and Farm M: ~2X more, P = 161 0.0308) ( Fig 1B) . To determine if changes in SA or JA may be mediating leafhopper 162 preference, we measured leafhopper settling on tomato leaves that had been induced 163 with SA or methyl JA (meJA) compared to uninduced leaves in settling bioassays. 164
Leafhoppers preferred to settle on control leaves compared to meJA-or SA-induced 165 controls ( Fig 1D; Fig 1E) . 166 167
Organic management practices altered plant and soil nutrient content. 168
Organic and conventional management systems have drastically different soil fertility 169 management. This can result in large variation in plant and soil nutrient content, which 170 can directly or indirectly affect soil microbial populations and insect preference (30). 171
We measured 14 different nutrients in leaves and soil collected at all four paired sites 172 (Table S2, S3 ). There was considerable variation in plant nutrient content across the 173 treatments and farms (Table S2, S3). Although nitrogen is one of the most limiting 174 plant nutrients for insect herbivores, and often drives patterns of insect preference 175 (31), there was no consistent difference in N content or C:N ratio in leaves between 176 organic or conventional plots (Table S2 ). Sulfur and copper concentrations in leaves 177
were higher in organically grown plants compared to conventional at three of the four 178 sites (Table S2 ; Farm RR, Farm M, and Farm S). Conventionally managed soil had 179 reduced total carbon, organic matter and sodium, and elevated magnesium, at three 180 of the four sites compared to organically managed soils (Table S3 ).
182
Rhizosphere microbial composition is associated with changes in plant nutrients and 183 defense 184 185
Rhizosphere bacteria and fungi, which differ with management (32), have been 186 previously shown to influence plant health by regulating defense compounds against 187 insect herbivores (33). We examined if differences in rhizosphere communities were 188 associated with observed differences in plant defense hormones in plants from the 189 different farms. For both bacteria and fungi, tomato rhizosphere communities were 190 more diverse under organic management at three of four sites (Fig 2A, B ). Farms 191 differed in microbial communities but organic and conventional communities 192 remained distinct from each other at all sites ( Fig 2C, D) . Mantel tests were conducted 193 to identify correlations among plant variables (nutrient, biomass, and hormone data) 194 and microbes (bacteria or fungal composition). Plant variables were significantly 195 associated with microbial community composition (RDA; Mantel Bacteria r = 0.33, P < 196 .001; Fungi r = 0.51, P < .001). Because plant response variables were also associated 197 with soil parameters (P < .001), we conducted a partial Mantel test to examine if 198 microbial community composition remained significant after soil nutrients were 199 included in the model. This analysis revealed that the structure of the microbial 200 community, in particular the fungal community, was significantly associated with 201 variation in plant traits including nutrient content and SA concentration, even when 202 variation in soil nutrition was taken into account (partial Mantel P < .001).
204
To examine if any specific microbial amplicon sequence variants (ASVs) were 205 associated with variation in plant SA concentrations, we performed a differential 206 abundance analysis. ASVs from the bacterial genera Bacillus, Ralstonia, and 207
Exiguobacterium were found in higher abundance when plants had high SA levels (Fig. 208 3; Table S4 ). This correlation suggests that variation in microbial communities is 209 associated with variation in plant SA content. 210 211
Soil biota drives differences in leafhopper preference and plant resistance 212
To isolate the relative importance of different soil components (physical structure, 213 biological communities and chemical properties) in plant resistance, we performed a 214 series of bioassays in the lab using rhizosphere soil collected from Russel Ranch, the 215 farm where we observed the largest differences in insect populations, insect 216 preference and plant resistance (Farm RR, Fig. 1, Fig. S1 ). Another reason we chose to 217 focus on Russel Ranch for the soil slurries experiments was because it consists of 3 218 replicated plots for each management regime (34) . To remove effects of soil physical 219
properties, collected soils were washed and slurries from organic or conventional soils 220 were used to inoculate tomato plants prior to bioassays. A greater number of 221 leafhoppers settled on plants inoculated with conventional slurries compared to 222 organic slurries ( Fig. 4A ), consistent with lab and field experiments ( Fig. 1, Fig. S1 ). 223
Leafhopper survival rate was higher on plants inoculated with slurries from the 224 conventional plots, despite a sharp decline in survival over time in both treatments 225 ( Fig. 4B ). These results suggest that management based regulation of plant resistance 226 and insect preference may occur via soil biological or chemical parameters rather than 227 physical properties at Russel Ranch.
229
Next, we investigated if soil biota within organically managed soils affect insect 230 preference. Half of the slurry solution for each treatment (organic, conventional) was 231 autoclaved to kill all microbes. When slurries were autoclaved (no live microbes), no 232 difference in leafhopper settling preference was observed ( Fig. 4A ). These results 233 suggest a critical role of soil microbes in mediating insect preference. Moreover, 234 plants grown on the biologically active organic soil slurry had a 25% higher SA 235 concentration compared to conventional, but no difference in the amount of SA was 236 found when plants were inoculated with autoclaved slurries (Fig. 4C ). Levels of JA did 237 not differ between treatments ( Fig. 4D ). No significant differences in nutrient content 238 between control and autoclaved soil slurries or organic and conventional treatments 239 were observed (Table S5) .
241
To determine if changes in SA or JA are responsible for differences in insect 242 preference, we performed additional soil slurry experiments with NahG tomatoes, 243 which are not able to accumulate SA and activate SA-mediated defenses, and def1 244 tomatoes, in which JA signaling and related defenses are compromised (50). 245
Leafhoppers had no preference between NahG plants grown using organic versus 246 conventional soil slurries ( Fig. 4E ), while leafhoppers preferentially settled on def1 and 247 wt control plants that were grown in conventional soil slurries compared to the same 248 plants grown in organic soil slurries ( Fig. 4E , F). Differences were not as large for the 249 def1/castlemart experiments ( Fig. 4E ), possibly due to cultivar differences or due to 250 these experiments being conducted over a year after soil collection. These results 251 collectively suggest that differences in microbial communities may mediate changes 252 in insect preference and plant resistance levels through changes in SA signaling. 253 254
Differences in soil properties drive changes in plant resistance across plant species. 255
To determine if the impact of organic soil slurries on insect performance is conserved 256 across plant species, we performed additional slurry experiments with M. persicae, a 257 generalist hemipteran aphid and 3 additional plant species: carrot (Daucus carota), 258
Arabidopsis thaliana and potato (Solanum tuberosum). Our results show that M. 259 persicae fecundity is reduced on all three plants when grown with organic soil slurries 260 compared to conventional ( Fig. 5A ). Lastly, we looked at the fitness of another type of 261 herbivorous pest of tomato, Manduca sexta, which feeds by chewing, as opposed to 262 phloem feeding, as hemipterans do. There was no significant difference in dry weight 263 of M. sexta between treatments ( Fig. 5B ). 264 265
Discussion

267
Our results demonstrate that tomatoes grown on long-term organic farms have lower 268 insect populations ( Fig. S1 , B) and that fewer leafhopper pests settle on these plants 269 we observed an impact of organic soil management on plant resistance to multiple 286 hemipterans ( Fig. 1, 4 , 5), and no impact on the chewing caterpillar M. sexta (Fig. 5) , 287 when SA levels were elevated. Despite JA and SA's induction of alternative resistance 288 pathways, there is evidence to suggest that considerable crosstalk exists and that both 289 can contribute to resistance against the same attacker. For example, aphids were 290 shown to induce the JA pathway in addition to the SA pathway and to also be 291 susceptible to JA-mediated plant defenses (39, 40). We observed that treating plants 292
with meJA repelled leafhoppers in lab bioassays ( Fig. 1D ), though there was no 293 significant difference in JA levels in plants from Russel Ranch ( Fig. 1B) or in plants 294 inoculated with biologically active or inert slurries ( Fig. 4D ). Furthermore, leafhoppers 295 were still repelled from jasmonate-deficient plants grown in organic soil slurries as 296 compared to slurries from conventionally managed soil ( Fig. 4F ). Together, these 297 results suggest that changes in SA are primarily driving changes in leafhopper-plant 298 interactions in our system.
300
Despite knowledge of the essential roles that microbe communities play in 301 agroecosystems, we still have a limited understanding of the direct benefits that 302 microbial diversity and composition provide in terms of plant health and resistance to 303 insect pests. Organic sites in our study exhibited an overrepresentation of specific 304 microbial taxa which are known to be involved in the induction of plant defenses (41, 305 42), including Pseudomonas, Ochrobactrum, Glutamicibacter, Bacillus, Ralstonia, and 306 others (Table S4 ). Furthermore, microbial taxa from the bacterial genera Bacillus and 307
Ralstonia were associated with variation in plant SA concentrations in our field 308 experiments (Fig. 3) . The presence of these particular taxa may promote plant-309 induced resistance (43, 44) though plant induction of SA, or changes in the soil 310 environment may also modulate microbial interactions directly (45). In our study, 311 organically managed soils had higher organic matter and carbon, and reduced 312 magnesium, compared to paired conventionally managed soils at three of the four 313 sites (Table S3 ). Changes in soil chemistry or nutrient availability in organic soils may 314 contribute to enhanced plant defense responses through changes in the soil 315 microbiome (46). Although the particular microbial taxa or community composition 316 underlying this effect are currently unknown, this study strongly suggests that organic 317 practices in agro-ecosystems can promote plant resistance to insect pests through 318 changes in soil microbiota. 319 320
While it is known that soil microbes can influence above-ground plant-insect 321 interactions through changes in plant signaling and defense (47-50), the management 322 techniques that promote beneficial microbial populations remain poorly understood. 323
Our data demonstrate that organic management practices alter soil microbial 324 communities, alter plant defense potentials through changes in SA, and influence 325 hemipteran settling and performance ( Fig. 1, 2 , 3). Although we cannot distinguish 326 effects of diversity per se vs. compositional changes or specific taxa underlying this 327 effect, laboratory assays strongly implicate soil microbiota in plant protection ( Fig. 4) . 328
Field surveys support the hypothesis that organic practices can influence insect 329 preference at large scales, but also suggest that variation in practices or local 330 conditions may moderate these results in some locations ( Fig. 1, 2, Fig. S1 ). Although 331 further work is required to dissect the particular mechanisms involved, including 332 investigation of microbial strains or signals, our results suggest that healthy soils 333 cultivated using organic practices can promote sustainable and resilient yields in the 334 face of hemipteran pest pressure. Organic agriculture therefore holds great potential 335 to broadly improve the delivery of key ecosystem services critical for the sustainability 336 of farming systems and the resilience of the food supply. 
Supplemental Table 2. Plant nutrient content of tomato leaves grown under organic and conventional management
Mean, N = 12; Stars represent significant differences of nutrients between conventional and organic paired sites, *P < .1, **P < .05, ***P < .001. Red and blue cell shading represent signifiant increases or decreases in the conventional system relative to organic system respectively. 
Materials and Methods
Field study sites
Field studies took place during the 2017 growing season at the organic and conventional longterm treatments of the Century experiment established in 1993 at Russell Ranch (Davis, CA, USA) (34) . Three additional field studies took place on commercial farms in Yolo county in 2017. In these studies, paired long-term organic and conventional processing tomato field plots were compared. At Russel Ranch, paired sites refer to both the organic and conventional replicated plots on a research farm (34) . For the other farms, paired sites refer to organic and conventional fields being managed by the same grower in nearby plots, and where tomato was sown at the same time. Details of field management strategies are available in Table S1 . At Russell Ranch each treatment plot was 0.4 ha and replicated three times in completely randomized block design. For commercial farms twelve sampling locations per field were selected randomly for sampling. Details on soil chemistry for each site are available in Table S3 .
Insect sweepnet sampling
Insect populations were sampled at the study sites described above three weeks after transplanting. To standardize collections, six areas of each plot were collected from along a transect. Each collection consisted of ten sweeps up and down the field within an eight-row boundary along the transect. Samples were bagged and frozen until insects were counted and sorted to order.
Plants and growth conditions
Moneymaker cv. tomato, castlemart cv. tomato, transgenic NahG tomato in the moneymaker background (35) , and the jasmonate-deficient def1 mutant tomato in the castlemart background (51) were used in lab studies, while Heinz 8504 cv. tomato was used for all Russell Ranch experiments. For commercial farms tomato cultivar varied by site (See Table S1 
Soil slurries experiments
Rhizosphere soil was collected separately from the three-replicated conventional and organic plots at Russell Ranch Century Experiment. We chose to focus on Russel Ranch as a source of soils for our slurry experiment because 1) results were most contrasting at this site while being representative of other farms and 2) it consists of 3 replicated plots for each management regime with consistent management for the last 25 years. Soil slurries were prepared by mixing sampled soil with ¼ strength Hoagland's nutrient solution at 1g soil to 5ml solution for one hour at 350 rpms. The solution was then left to settle for 1 hour at room temperature and centrifuged at 500 rpm for 5 mins. After centrifuging, the supernatant was removed and either autoclaved at 120°C for 30 minutes or left untreated. The soil slurries were added at the time of sowing at a rate of 15ml twice per week until the settling bioassay, fecundity of survival experiment was performed three weeks after seedling emergence. This methodology was used for all plant species.
Settling bioassays from the field
Tomato branches were collected from the conventional and organic locations mentioned above three weeks after transplanting and immediately used for settling bioassays. Avirulent beet leafhoppers were collected and starved for two hours prior to the experiment. A cage was constructed that allowed an organic tomato leaf to be sealed at one end and a conventional leaf in the other (Fig. S1 ). Developmentally similar leaves were selected to standardize the assay. Five avirulent beet leafhoppers were introduced in the center of the cage equidistant to both leaves. Leafhopper position was recorded two hours after release. This time was chosen based on preliminary experiments where leafhopper settling was measured at multiple time points over 24 hours. The settling bioassays were conducted in the dark so leafhoppers could not make a settling based on visual cues. Each experiment was repeated 18 times. See Fig. S1 for experimental design of the settling experiment. 
Settling bioassays with hormone induced plants
Settling bioassays with soil slurries
Tomatoes were grown in sterile soil supplemented with soil slurries as described above. Three weeks after tomato emergence, settling bioassays were performed as described above. Each experiment was repeated 36 times. See Fig. S1 for experimental design of the settling experiment.
Survival bioassays and fecundity assays
Tomatoes were grown in sterile soil supplemented with soil slurries as described above. Three weeks after tomato emergence, 8 adult C. tenellus were installed on a single leaf and survival was recorded daily over 6 days. Each experiment was repeated at least 2 times. D. carota, A. thaliana and S. tuberosum were grown in sterile soil supplemented with soil slurries as described above.
At three weeks post-emergence, one adult M. persicae aphid was placed on a leaf. After 24 hours, all aphids except one nymph were removed. After 9 days, the progeny of the founder nymph, which was now an adult, were counted to determine fecundity. Each experiment contained at least 6 replicates and was repeated at least 2 times.
Manduca sexta weight gain
After M. sexta emerged from eggs, neonate larva were immediately moved to cages with a paintbrush. Cages were installed on three-week-old tomatoes, post-emergence, that were grown in sterile soil supplemented with soil slurry twice as described above. One week later all caterpillars were removed, freeze dried, and weighed. Each experiment was repeated at least 2 times with at least 9 replicates.
Phytohormone extraction and LC-MS analysis
During sweepnet sampling, developmentally similar true leaves from 6 separate three-week-old tomato plants in each plot were removed and immediately frozen in liquid nitrogen. For the plants grown in the soil slurries, developmentally similar true leaves were removed from tomato leaves three weeks post-emergence and immediately frozen in liquid nitrogen. Samples were stored at -80°C until they were lyophilized. Subsequent tissue was then weighed, ground in a Harbil paintshaker (Fluidman, Wheeling, IL) and extracted according to Casteel et al 2016 (52) . Samples were run on an Agilent 6420A Triple-quadrupole MS with an Infinity II HPLC (Agilent Technologies, Santa Clara, CA). Quantification was based on an isotopically labelled internal standard that was spiked in each sample before the extraction. At least 9 samples were measured for each treatment. For phytohormone quantification no insects were used, which means our data represent "constitutive levels", however, all field samples have some level of damage.
Plant, soil, and soil slurry nutrient analysis
Composited dried and homogenized soil and plant samples were analyzed for total nitrogen (N) and carbon (C) via combustion analysis (53) . Soil nitrate was measured using a flow injection analyzer (54) . Soil extractable phosphorus (P) was determined according to Olsen and Page (1982) (55) . Other soil exchangeable ions in soil, soil slurries and plant samples were measured using ICP-AES (56) . Soil organic matter content was determined via the loss-on-ignition method (57) . Soil pH was measured using a saturated paste extract.
Rhizosphere DNA extraction and amplicon sequencing
Three plants were excavated from each plot three weeks after transplanting. Six plots were sampled per field as described above. In the lab, roots from each plant were divided into 12 subsamples. Root fragment subsamples were shaken briefly to remove adhering soil, then shaken for 90 minutes in 0.9% NaCl and 0.01% Tween80, then extracted using the MoBio PowerSoil Kit (Qiagen). At least 100 ng of rhizosphere DNA from each sample was sent for library prep and sequencing using MiSeq at Dalhousie IMR facility. The V4-V5 region of the 16SrRNA region was sequenced to characterize bacterial communities and the ITS region of the rRNA gene was sequenced to characterize fungal communities (58) . Negative controls from the extraction buffer and kit materials were also submitted, but no reads were recovered. Reads were errorcorrected and assembled into ASVs using DADA2 v1.8 (59) and assigned taxonomy using SILVA v.128 for bacteria (60) , and UNITE database (2017 release) for fungi (61) . Taxa without a taxonomic assignment, or assigned to archaea, mitochondria, or chloroplasts were removed from the dataset. Those not assigned to the kingdom Fungi were removed from the fungal dataset. Sequence abundance was rarefied to 15,310 sequences per sample for bacteria and 13,000 per sample for fungi and all sampling curves approached saturation.
Statistical Analysis
All statistics were conducted using R (R 3.2.2) (62) . Assumptions of homogeneity and normal distribution of residuals were checked and data were transformed when appropriate to improve homoscedasticity or non-parametric tests were used. Wilcoxon-Mann-Whitney tests were used to determine the impact of farm management on total number of Arthropods collected in sweepnets. Student's t-tests were performed to determine the impact of farm management on insect fecundity, survival, plant nutrition and soil properties at each paired site. The impact of management and the interaction on phytohormone levels were tested with a generalized mixed model using linear regression in lme4 with SA and JA as response variables and site as a random effect. For comparison of phytohormone levels at individual farms, linear regression was used to determine the impact of management. Insect settling data was analyzed with Binomial regression to determine the impact of soil management, chemical treatment and mutants on insect settling. Statistical differences were determined for settling assays using a binomial test assuming the null hypothesis of no difference between the treatments.
Correlations among plant, soil, and microbial variables
Mantel tests were conducted to identify Pearson correlations among plant, soil, and microbial variables. Plant variables included shoot and root dry weight, foliar nutrient concentrations (Table S2 ) and log-transformed SA and JA concentrations. Soil variables included all measured soil nutrients (Table S3 ). Bray-Curtis dissimilarity matrices were calculated separately for bacterial and fungal ASV tables. Plots within each farm were used as replicates (N = 12 plots/farm pair, with N = 6 plots per management type within a pair). Scaled Euclidean distance matrices were calculated for plant and soil variables. Correlations between all pairs of matrices were tested for significance using permutation (mantel() function of vegan package (63) . Partial Mantel tests were conducted for plant, soil, and bacterial matrices and plant, soil, and fungal matrices to determine whether plant or soil variables predicted microbial community composition if the other category of variables was held constant (mantel.partial() function of vegan package).
Differential abundance and indicator species analysis
Bacterial and fungal OTUs whose abundance varied with SA were identified using differential abundance analysis (DESeq2 package) (64) . Taxa were filtered to remove those occurring in fewer than three samples. To control for variation in SA among sites, we calculated residuals with site only as a predictor. SA residuals were log transformed and used as continuous predictors in the DESeq2 analysis. Taxa whose abundance varied significantly (P < .05) were identified using the Wald test. All mixed models, multivariate analyses including NMDS, RDA and mantel tests, and differential abundance analyses were conducted using R (R 3.2.2) and implemented in Rstudio (65) .
